Surface molecules can transition from physisorption through weak van der Waals forces to a strongly bound chemisorption state by overcoming an energy barrier. We show that a carbon monoxide (CO) molecule adsorbed to the tip of an atomic force microscope enables a controlled observation of bond formation, including its potential transition from physisorption to chemisorption. During imaging of copper (Cu) and iron (Fe) adatoms on a Cu(111) surface, the CO was not chemically inert but transited through a physisorbed local energy minimum into a chemisorbed global minimum, and an energy barrier was seen for the Fe adatom. Density functional theory reveals that the transition occurs through a hybridization of the electronic states of the CO molecule mainly with s-, p z -, and d z 2 -type states of the Fe and Cu adatoms, leading to chemical bonding.
T he physicist Richard Feynman believed that the sentence "…all things are made of atoms-little particles that move around in perpetual motion, attracting each other when they are a little distance apart, but repelling upon being squeezed into one another" (1) contains the most information about scientific knowledge in the fewest words. Although this quote captures the key characteristics of chemical bonding, subtle complications do occur in nature. In 1932, Lennard-Jones described that molecules can bond to a surface in two ways [see figure 3 in (2)]: a weak bond induced by van der Waals (vdW) attraction (physisorption) and, for smaller distances, a stronger chemical bond (chemisorption). In some cases, these two bonding regimes are split by an energetic barrier and, depending on the height of the barrier, transitions can occur [see figure 9.5 in (3)]. Overall, three different bonding scenarios can evolve (3, 4) :
1) The formation of a weak physical bond (vdW bond) with depth of ≈20 meV (0.46 kcal/ mol) as shown by the potential energy V versus distance z curve in Fig. 1A and its corresponding force curve F z (z) in Fig. 1D with a maximal attractive force (5) on the order of 10 pN. The interaction of two noble gas atoms such as Xe is an example of such an interaction.
2) The formation of a strong chemical bond with energies on the order of electron volts shown in Fig. 1B , where the attractive force ( Fig. 1E) can reach nanonewtons and mask the ever-present vdW forces that are on the order of 10 pN, followed by repulsion at small z. The data in Fig. 1, B and E, correspond to the bonding energy and vertical force between two Si atoms according to the Stillinger-Weber potential (6) .
3) The third bonding mechanism involves a transition from physisorption to chemisorption as shown in Fig. 1C (3, 4) . The initial appearance of a weak vdW bond is followed by a transition that can show an energy barrier of high strength (black curve in Fig. 1C ), a medium barrier (green and red curves), and a vanishing barrier (blue curve). If a molecule arrives at the surface with sufficient thermal energy to overcome the slight energy barrier of the green energy curve in Fig. 1C , it can chemisorb immediately. If a stronger energy barrier occurs, as shown by the black curve in Fig. 1C , its energy needs to be lifted by thermal excitation to overcome the barrier and to form a strong chemical bond (Fig. 1F ). The V(z) curve in Fig. 1C is key to the physisorptionchemisorption transition and possible subsequent heterogeneous catalysis. Whereas previous methods only provided the equilibrium positions at their corresponding temperatures, state-of-the-art atomic force microscopy (AFM) at low temperatures can directly record this curve.
Carbon monoxide can undergo physisorption as well as molecular and dissociative chemisorption on transition metal surfaces. Dissociative chemisorption to adsorbed C and O atoms tends to prevail on all transition metals in the periodic table left of a boundary between iron and cobalt at room temperature [chapter 6.4.1 in (4), and (7, 8) ], as well as for W (9) . Conventional methods for adsorption studies, such as thermal desorption spectroscopy or electron energy loss spectroscopy (3, 4) , probe large molecular ensembles. Chemisorption is key to heterogeneous catalysis, and detailed knowledge about its basic mechanism can be obtained by using scanning tunneling microscopy (STM) as an atomic probe (10) . Although STM combined with ultrashort laser pulsing has recently obtained femtosecond time resolution in imaging the surface vibrations of molecules (11) , STM has thus far been used to image the end products of surface reactions and not the reactions themselves. AFM (12) and its variants (13, 14) have become a powerful tool for surface studies (15) . The attachment of a CO molecule to an STM tip can enhance resolution by creating a sharper probe tip (16) , and Gross et al. reported that CO-terminated AFM tips allow imaging of organic molecules with intramolecular resolution (17) , leading to wide use of CO-terminated tips (18) . The inertness of CO-terminated tips enabled imaging of many organic molecules (18) and graphene (19) , as well as metal clusters and the silicon (111)-(7×7) surface (20) , at unprecedented resolution. The use of CO-terminated AFM tips allows the tracking of the formation and potential transition from physisorption to chemisorption of a bond as a function of distance (i.e., reaction coordinate) for a single CO molecule with a precisely controlled position on a picometer scale.
There is a restriction imposed by the bond of the CO molecule to the tip. A CO molecule in the gas phase can orient itself freely on a surface to enable the maximal bonding strength.
In metal carbonyls such as Ni(CO) 4 or Fe(CO) 5 , CO bonds with the C atom to the transition metal (21) and CO bonds to the AFM's metal tip in a similar manner. Experimental and theoretical evidence holds that the oxygen end of the CO-terminated tip is chemically inert. When imaging pentacene with COterminated tips (17) , density functional theory (DFT) has shown that Pauli repulsion between electrons provides the contrast (22, 23) .
The bottom row in Fig. 1 displays experimental F z (z) curves over the centers of three different adatoms obtained with CO-terminated tips. Figure 1G shows the interaction of a CO-terminated tip with a single Si adatom on Cu(111), as indicated in the inset. The attractive vdW force reached only −20 pN before Pauli repulsion forces dominated (24) . The interaction of the CO-terminated tip with the Si adatom resembled physisorption-a weak attraction turns to Pauli repulsion with a single energetic minimum. The strong covalent bonds with a magnitude of nanonewtons shown in Fig. 1, B and E, were used to atomically resolve AFM images in vacuum on the silicon surface (25) , where DFT identified a covalent character (26) that was verified by precise force spectroscopy (27, 28) . Figure 1H shows the F z (z) curve for a COterminated tip over a Cu adatom on Cu(111). The attractive force minimum was at z = 373 pm, and the attractive z range was widened compared with the Si curve in Fig. 1G . Figure  1I shows the F z (z) curve for a CO-terminated tip over a Fe adatom on Cu(111), which resembles the qualitative physisorption-chemisorption transition of Fig. 1F (black curve) . The physisorbed force minimum of −8 pN at z = 420 pm was followed by a force barrier of +17 pN at z = 310 pm and a maximal attractive force of −364 pN at z = 250 pm. The occurrence of a barrier in the experimental force curve for the Fe adatom in Fig. 1I and its similarity to the schematic force curves pertaining to a physisorption-chemisorption transition in Fig. 1F pointed to the experimental observation of such a transition, as elucidated below.
The F z (z) curves in Fig. 1 , G to I, were measured with the CO-terminated tip exactly centered over the adatoms. However, F is not merely a function of absolute distance between the centers of the O atom of the tip and the adatom, it is also a function of the polar and azimuthal angles with respect to the surface normal and substrate orientation. The top row of Fig. 2 shows F in the z direction as a function of lateral x direction and z position at y = 0. The force fields for the three different adatoms were distinctly different in the xz plane. The force curves in Fig. 1 , G to I, are traces of the two-dimensional force fields F z (x, y, z) at x = y = 0. The middle row shows experimental constant-height force images of the three adatoms. The bottom row displays DFT force calculations for the three different adatoms.
The left column of Fig. 2 shows data for the simplest case, the Si adatom. For the force data of the Si adatom on the xz plane in Fig. 2A , we initially found weak vdW attraction followed by strong Pauli repulsion that was roughly proportional to the total charge density of the Si adatom as displayed in fig. S1A . The Si adatom appeared in the xy plane (Fig. 2B) as a Gaussian-shaped repulsion, showing that the CO-terminated tip interacted with it in a similar manner as it does with organic molecules.
Simulations of this image for four different heights using the probe particle model (29, 30) are shown in fig. S2 , where the lateral bending of the CO-terminated tip (31) was taken into account. The DFT calculation of the force image (Fig. 2C) the experimental data (32) . Because Pauli repulsion was the contrast mechanism here, the experimental images resembled the total charge densities presented in fig. S1A . DFT confirmed that Pauli repulsion was the contrast mechanism-differential charge density plots and calculations of the energies of the states (see figs. S7, A to D, and S8, A to F) showed no evidence for chemical bonding. For the Cu adatom data (middle column of Fig. 2) , in the center at x ≈ 0 in Fig. 2D , vdW attraction was followed by some more slight attraction before turning to Pauli repulsion. The circumference of the Cu adatom at x ≈ ±200 pm looked completely different with a transition from vdW attraction directly to Pauli repulsion. Accordingly, the constant-height data in Fig. 2E shows a ringlike appearance. The DFT calculation in Fig. 2F resembles the experimental data in Fig. 2E and is vastly different from the total charge density of the Cu adatom shown in fig. S1B . The evolution of the contrast with distance starts from the attractive vdW signature, changes to the repulsive ring, and ends in a repulsive cusp in the center, as shown in detail in fig. S3 . The calculated F z (z) curves ( fig. S7E ), differential charge density plots ( fig. S7, F to H) , and pronounced shifts in the energies of the electronic states ( fig. S8 , G to M) provided a consistent dataset indicating the emergence of a medium-strength bond (33) . The physical origin for the delayed transition from vdW attraction to Pauli repulsion is a hybridization of the electronic states of the Cu adatom with the states of the CO-terminated tip (34) .
For the Fe adatom (right column of Fig. 2 ), in the center at x ≈ 0 in Fig. 2G , the interaction started with vdW attraction (dark lenticular area at z ≈ 400 pm), followed by weak repulsion (light-green lenticular area at z ≈ 330 pm). After penetrating the repulsive barrier in the center, attraction occurred (see also Fig. 1I ). For even smaller z, we expected repulsion again, but this close distance is not accessible because approaching to such close distances risked the integrity of the CO-terminated tip (35). Outside the center, at x ≈ ±210 pm, we saw a direct transition from vdW attraction to Pauli repulsion similar to the circumference of the Cu adatom. The top view at Fig. 2H shows a repulsive ring similar to the Cu adatom, but for the Fe adatom, three local maxima were located over the hollow sites of the underlying Cu(111) surface (see figs. S5 and S6). The DFT force calculations presented in Fig. 2I confirmed the presence of three local maxima on the repulsive ring in registry with the Cu(111) substrate (see fig. S6 ).
As in the case of the Cu adatom, the images of the Fe adatom did not relate to the total charge density of the Fe adatom shown in fig.  S1C . The physical origin of the ringlike appearance and strong attraction in the center of the fig. S8 , N to T) provided a coherent picture of the formation of a chemical bond resulting from hybridization (33) . We note that the appearance of the Cu and Fe adatoms as repulsive tori is not an artifact of bending of the CO-terminated tip (31) (see fig. S9 ).
The experimental images of Cu and Fe adatoms showed similarities and differences. Both appear as repulsive tori when imaged with CO-terminated tips at close distance. However, the Fe adatom showed three distinctive local maxima on the torus, and the attractive force in the center reached values down to −364 pN, whereas the center of the Cu adatom was much less attractive and even allowed to image the repulsive cusp for very small distances. Previous experiments have shown that single Fe adatoms on Cu(111) have a magnetic moment (36). Our DFT calculations confirm this and find zero magnetic moment for the Cu adatom. Thus, the physical origin of the difference in the AFM data of Cu versus Fe adatoms is the element-specific occupation of the majority and minority 3d spin states (see fig. S12 ).
We have shown that CO-terminated tips can hybridize with sample atoms and produce a contrast that is much different from the total charge density. The subatomic contrast (20) , i.e., the appearance of nontrivial structures within images of single atoms, was explained as a signature of hybridization of states with a s, p, and d character in the formation of chemical bonds. The present findings extend atomically resolved force microscopy into a previously unexplored interaction regime. When atomically resolved AFM in vacuum was introduced 25 years ago, strong covalent or ionic bonds were probed in a noncontact distance regime, and noncontact AFM and atomically resolved AFM have, historically, often been considered synonymous. The introduction of CO-terminated tips by Gross et al. (17) , as well as noble gas and other inert tips (37) , expanded the distance regime where nondestructive atomically resolved images are possible from the noncontact regime to an intermittent-contact mode that probes Pauli repulsion forces.
The present work further expands AFM into a distance regime where the hybridizations occur that underlie the chemical bond. Possible applications include the study of partially unfilled Cu 3d states in cuprate superconductors (38) . We showed that CO-terminated tips are not generally chemically inert, as tips terminated by noble gas atoms are. Therefore, CO-terminated tips do not generally interact via Pauli repulsion with the total charge density of the sample. This might change the interpretation of images of organic molecules that contain metal ions, in particular those with unfilled 3d shells. and S8, as well as the experimental observation of the repulsive barrier above the Fe adatom, showed that the hybridization occurs only under the presence of the CO-terminated tip and it involves not only s and p states but also d states. 35. The CO-terminated tip can come quite close to the Fe adatom when located at the center of the Fe adatom where lateral forces are zero. In Fig. 1I , the tip was even approached almost to the equilibrium distance where the force is zero again after passing the maximal attraction of −364 pN at the distance of 250 pm. The minimal distance that can be sustained by the AFM tip without losing its CO termination is determined by experience. Usually, tip loss is imminent when the driving signal that controls the constant oscillation amplitude of the force sensor starts to rise, i.e., when damping of the sensor owing to the tip-sample interaction becomes noticeable. When scanning in the xy plane, lateral forces act on the CO-terminated tip and larger distances are required to prevent the loss of the CO termination (compare Fig. 2G where the minimal distance was almost 100 pm larger than in the force spectrum of Fig. 1I ).
